Introduction 29
Ground Source Heat Pumps (GSHP) are space heating and cooling plants which exploit the soil as a 30 thermal source or sink, through the circulation of a heat carrier fluid in a closed pipe loop. Different 31 pipe arrangements are available, among which the most common is the Borehole Heat Exchanger, a 32 vertical pipe loop reaching depths of 50 to 200 m (Fig.1) . Below a depth of a few meters from the 33 ground surface, the seasonal variation of the air temperature disappears due to the large thermal 34 inertia of the soil. Therefore, if compared to the air, the soil is a warmer source for heating during 35 winter and a cooler sink for cooling during summer, and higher system efficiencies can therefore be 36 achieved compared to Air Source Heat Pumps. 37
GSHPs are rapidly spreading in Europe, China and USA, and have a great potential for energy, cost 38
and CO 2 emission saving [1] . About 100,000 low-enthalpy geothermal plants are installed every 39 year in Europe, mainly for new dwellings in Sweden, Germany and France [2, 3] . According to 40 Saner et al. [4] , the use of GSHP in place of methane furnaces allows the CO 2 emissions to be 41 reduced by up to 84%, depending on the sources used for the production of electricity. From the 42 economic point of view, the geothermal heat pumps lead to a considerable reduction of the 43 maintenance costs and, although their installation is more expensive than the other heating and 44 cooling plants, the payback periods proved to be reasonable, i.e. less than 10 years [5] [6] [7] . 45 Since the thermal exploitation of the soil induces a gradual temperature drift, an accurate heat 46 transport modelling of soil and aquifer systems is essential for a correct design of GSHPs. Indeed, 47 the efficiency of the heat pump is strongly influenced by the temperature of the heat carrier fluid, 48 which in turns depends on the temperature of the surrounding soil. To estimate the thermal impact 49 of BHEs and the working temperatures of the heat carrier fluid, different methods have been 50 developed, which can be divided into analytical, semi-analytical and numerical. 51
The Kelvin infinite line source [8] and the infinite cylindrical source [9] are the simplest analytical 52 methods for estimating the thermal disturbance induced by a BHE, since they rely on the 53 aquifer (thermal conductivity, groundwater flow velocity etc.), with the aim of evaluating their 105 relative impact on the performances of a GSHP (i.e. evolution of the heat carrier fluid temperatures, 106 energy consumption of the heat pump) in a realistic scenario and in long-term perspective. 107
The case study involves the simulations of the heating system of a house in the North of Italy, with 108 a heated surface of 150 m 2 and a good thermal insulation. A geothermal heat pump connected to a 109 BHE with a single U-pipe configuration is used only for heating. A cyclic thermal load (see Fig.2 ) 110 has been set , with a total heat abstraction of 12 MWh per year (80 kWh m -2 y -1 ), which is equivalent 111 to the energy produced by 1200 m 3 of methane or 1250 l of gasoil using an efficient condensation 112 boiler. The simulations last for 30 years, which is a sufficiently long time span to assess the long-113 term sustainability of the thermal exploitation of the soil. 114
115
The simulation of the heat exchange of the BHE with the soil and the aquifer system has been 116 performed with FEFLOW 6.0, a 3D finite element flow and solute/heat transport model [32, 33] 117 that includes specific tools for the simulation of Borehole Heat Exchangers [23, 24] . The software 118
solves the coupled equations of flow and heat transport in the soil, and the BHE is modelled as an 119 internal boundary condition of the 4 th kind (thermal well). 120
The heat transport occurs by conduction (driven by thermal gradients), advection (due to the 121 groundwater flow) and dispersion (due to deviations from the average advective velocity), which 122 are described by the heat conservation equation in the porous medium: 123
where ε is the porosity, s ρ and w ρ are the density of the solid and liquid phase, s c and w c are the 126 specific heat of the solid and liquid phase, T is the temperature (which has been assumed equal for 127 both the phases), i
x is the i-th axis (i.e. 1 ≡ x x , 2 ≡ x y , 3 ≡ x z ) and i q is the i-th component of the 128
Darcy velocity (i.e. relative to the i-th axis), and H is the heat source or sink (the BHE in this case), 129
The first term of Eq.1 describes the soil temperature variation with time, involving the porosity ε 
131
The second term describes the advection, which depends on the Darcy velocity q . 132
The conduction and dispersion are respectively described by the tensors of the thermal conductivity 133 
Results and discussion 238
The results of the long-term BHE simulations have been processed and compared in order to 239 understand which is the relative importance of each parameter on the performances of the system 240 and which is the margin of error due to the uncertainty in its determination, in particular for soil 241
properties. Statistics about the calculated fluid temperatures (average, RMSE), the Seasonal 242 Performance Factor (SPF) and the heat pump consumption for each simulation are summarized in 243 the tables reported in the supporting information. 244
245
The length of the Borehole Heat Exchanger(s) plays a crucial role in the design process, because it 246 accounts for about half of the total installation cost in single-house plants (see Blum et al. [40] ). 247
Varying the BHE length between 50 and 100m, we observe a strong variation of the cumulate 248 distributions of the average fluid temperatures (Fig.4A ) and of the value of the minimum fluid 249 temperature, which is a critical parameter in the operation of a GSHP. The effect of the length 250 increase is non-linear and diminishes for larger BHE sizes: for example, incrementing the length by 251 between 50 and 75 m results in an increment of 2.80°C in the mean temperature, and of 1.58°C 252 when the increment is from 75 m to 100 m; the minimum inlet temperatures are incremented 253 respectively by 4.15°C and 1.92°C in the same ranges. The differences in the distributions of fluid 254 temperatures also have a noticeable impact on the energy expense of the heat pump, as shown in 255 The improvement of the energy performance with longer exchangers is compensated by a rise in the 260 installation costs, which are the main drawback of geothermal heat pumps. In the dimensioning of 261 BHE fields, usually a minimum and/or maximum fluid temperature constraint is imposed, and the 262 minimum required borehole size is calculated [15, 16] . This approach minimizes the installation 263 costs, but the maintenance costs are not taken into account, and the extra-cost due to a low COP can 264 overcome the initial saving incurred with a smaller drilled depth. Starting from the results of the 265 sensitivity analysis on the length of the BHE, we have considered the typical electricity and BHE 266 installation costs of Italy (see Tab. 2) and calculated the total costs of installation and maintenance 267 of the GSHP over a lifetime of 30 years. Since the unit cost of electricity is likely to increase over 268 the next few decades, the analysis took into account different increase rates, in the range 269 between0% and 5%. In Fig.7 , the ration between the lifetime cost for each BHE length and the most 270 expensive solution for each scenario of energy cost increase is shown, to identify the optimal size 271 for each case. We observe that higher increments of the unit cost of electricity enlarge the optimal 272 range of the BHE length, and shift it towards larger values; although it is not shown in the graph, a 273 decrease of the drilling cost also achieves the same effect. GSHPs need larger investments 274 compared to the other heating and cooling plants, and loan rates have been also considered when 275 evaluating the optimal length. Nevertheless, the influence of the interest rate on the total cost of the 276 plant over its lifetime proved to be negligible, compared to the cost of electricity and its increasing 277 trend. 278
A default length of 75 m was used in the other simulations, since it proved to be a reasonable choice 279 for most of the scenarios depicted in Fig.7 . The considerations on BHE length that we have made 280
here concern only the lifetime cost of the plant, without taking into account the effects of very low 281 fluid temperatures. For example, if a GSHP operates at temperatures below 0°C for a sufficiently 282 long time, ground freezing can occur, and the borehole grouting can be fractured by freezing-283 thawing cycles. In addition, the viscosity of the heat carrier fluid increases as the temperature 284 decreases, therefore the energy consumption of the circulation pump also increases. A low 285 temperature threshold should therefore be established, which excludes some of the BHE lengths 286 considered in this analysis: for example, setting a minimum inlet temperature of -3°C excludes 287 lengths below 70 m. 288
289
Although the borehole depth exerts the greatest influence on the economic balance of a BHE 290 installation, there are also other factors which have to be taken into account. In the U-pipe BHEs 291 (both single and double), which are the most diffused kind of installation, the pipes should be put as 292 far as possible, to reduce both the thermal resistance of the exchanger and the heat exchange 293 between the inlet and the outlet pipes (thermal short-circuit), which impair the performances of 294 these systems. The thermal conductivity of the borehole filling plays an important role: a higher 295 value reduces the borehole resistivity, but also the grout-to-grout resistance, which prevents the 296 thermal short-circuit. Both these factors have been taken into account in the simulations, according 297
to the borehole resistance model of Bauer et al. [34] . The distance between the pipe centres has 298 been varied between 35 mm (i.e. 3 mm between the pipe walls) and 117 mm (i.e. 0.5 mm between 299 the pipe wall and the borehole wall), and the thermal conductivity of the grout has been varied 300 between (Fig.4B-C) , we understand that the influence of the thermal 305 conductivity of the grout is very large when the pipe spacing is reduced; on the other hand, a grout 306 with a high thermal conductivity can compensate the negative effects of an insufficient pipe spacing 307 on both the minimum fluid temperatures and the energy consumption of the system (Fig.6B) . For 308 example, if a common geothermal grout is used ( conductivity and an additional cost (say 2÷4 €/l, depending on the kind of ethanol or glycol); in 318 addition, the antifreeze is a potential source of contamination in case of a pipe leak, and the anti-319 corrosion additives can inhibit the bacterial degradation [43] . All these adverse side effects should 320 be minimized when choosing the anti-freeze additive. Simulations have been carried out 321 considering the most common anti-freeze mixtures: propylene glycol (PG) at 25% and 33% volume 322 concentration, ethanol (ETH) at 24% vol., calcium chloride (CaCl 2 ) at 20% weight concentration. 323
Their physical properties are reported in Tab. 1, where also the boundaries of the laminar and of the 324 turbulent regime are shown, since the thermal resistance is much smaller in turbulent one [42] . The 325 default flow rate is 0.5 ls -1 , which is a typical value for GSHPs. The results (Fig.4D and Fig.6C ) 326
show that calcium chloride solutions permit to achieve an appraisable gain in the energy 327 performance (compared to PG25%, minimum temperature: +2.94°C; heat pump consumption: -328 4.01%), due to their smaller viscosity and their higher thermal conductivity; in addition, it is much 329 cheaper than the other antifreeze additives. On the other hand, the use of saline solutions as a heat 330 carrier fluid requires the adoption of specific anti-corrosion components. 331
The other antifreeze mixtures show negligible variations of the fluid temperatures and of energetic 332 performances. As the thermal resistance diminishes when higher flow rates are circulated, seven 333 simulations (fluid: PG25%, flow rates: 0.1÷0.7 ls -1 ) have been run to quantify its contribution for a 334 better efficiency of the GSHP. We observe that the energy consumption of the heat pump is reduced 335 of the 4.4% between 0.1 and 0.7 ls -1 ; nevertheless, circulating larger flow rates implies also a higher 336 energy expense for the circulation pump. We have therefore quantified the distributed friction losses 337 along the 75m long using the explicit approximation of the Prandtl formula (Eq.6) for smooth pipes: 338 (Fig.5E ) and of the heat pump energy consumption (Fig.6D) show that 364 thermal conductivity has a very strong influence on the performances of the system, compared to 365 the BHE length. Especially in smaller installations, this parameter is not measured in situ, but low-366 precision data from literature are adopted (e.g. the German norm VDI 4640 [44]). For example, the 367 thermal conductivity of a moraine ranges between 1 and 2.5 Wm -1 K -1 , for which we observe a 368 difference of 5.66°C in the minimum temperature, and 12.5% in the power consumed by the heat 369
pump. An imprecise knowledge of this parameter results therefore in a strong uncertainty in the 370 simulation of the plant, which has to be overcome e.g. with a Thermal Response Test [45] . 371
372
The presence of a subsurface flow has been proved to be beneficial for the performances of closed-373 loop geothermal heat pumps. Indeed, groundwater flow activates advection and thermal dispersion, 374 enhancing the heat transport around the BHE and spreading the thermal disturbance further away. The results of the simulations prove that the length of the BHE is the most important parameter in 425 the design of a GSHP. Indeed, increasing the borehole depth results in a reduction of the thermal 426 disturbance in the subsoil and therefore to achieve a higher efficiency of the heat pump, but also a 427 larger investment is needed for the installation. 428
An optimum length should be found, which minimizes the total cost over the plant lifetime, 429
considering also the trend of increase of the unit cost of electricity. While the drilled depth has an 430 appraisable impact on the initial investment, there are also other important factors to be considered 431 for the optimization of BHEs, like the pipe arrangement, the grout and the heat carrier fluid. A large 432 pipe spacing and a highly conductive grout, reducing the heat losses in the heat exchange with the 433 soil, achieves an appraisable reduction of the energy costs for the heat pump with a negligible 434 expense, compared to the borehole drilling. For the circulation pump, a trade-off can be found for 435 the choice of the correct flow rate for the heat carrier fluid, allowing the minimization of both the 436 energy losses due to the thermal resistance and the friction losses due to the circulation of the fluid. 437
The antifreeze and its concentration heavily influence the energy performance of GSHPs, in 438 particular the borehole resistance and the power consumed by the auxiliary plants. The saline 439 solutions, with a smaller viscosity compared to ethanol and glycols, permit to reduce all these 440 energy losses, although special components are needed to avoid corrosion problems. Optimizing the 441 design and the installation of BHEs is useless without a thorough characterization of the subsoil, 442 which has a large influence on the performances of these systems. When no groundwater flow 443 occurs, the thermal conductivity is the most important parameter for the dimensioning of BHEs. 444
The technical literature provides wide ranges of the thermal conductivity for each lithology, which 445 can vary due to porosity, saturation and other factors; in-situ Thermal Response Tests are therefore 446 strongly advised for large plants to avoid under or over dimensioning. The advection enhances the 447 performances of GSHP, and the groundwater flow should be taken into account using conservative 448 values of hydraulic conductivity and gradient, unless they are known by field tests. On the other 449 hand, it is risky to consider also the beneficial effect of heat dispersion, because the thermal 450 dispersivity is still scarcely known in real-scale BHEs. In situ tests to estimate these parameters 451 would be highly desirable to simulate the behaviour of BHE fields with a better precision. 
